Involvement of Subcortical and Cortical Afferents to the Lateral
The goal of this work was to test the involvement, in fear conditioning, of afferents to the lateral nucleus of the amygdala originating from the auditory thalamus, auditory cortex, and perirhinal area. The acoustic startle reflex was used as the behavioral index of conditioning because it is reliably enhanced in the presence of a conditioned stimulus (CS) previously paired with a footshock. Auditory and visual CSs were used to assess the modality specificity of lesions to the above brain areas.
Pre-or posttraining lesions of the entire auditory thalamus including the ventral, dorsal, and medial divisions of the medial, geniculate body, the posterior intralaminar nucleus, and the suprageniculate nucleus, completely blocked fear-potentiated startle to the auditory CS, but had no effect on fear-potentiated startle to the visual CS. Posttraining lesions mostly restricted to the ventral and dorsal divisions of the medial geniculate body specifically disrupted fear-potentiated startle to the auditory CS. However, retraining in rats sustaining ventral and dorsal medial geniculate body lesions led to reliable fear-potentiated startle to the auditory CS. Posttraining lesions mostly restricted to the medial division of the medial geniculate body, posterior intralaminar, and suprageniculate nuclei did not disrupt fear-potentiated startle. These results indicate that the auditory thalamus is specifically involved, through either its direct or indirect amygdaloid afferents, in fear conditioning to auditory CSs.
Pre-or posttraining lesions mostly restricted to the primary auditory cortex did not reliably attenuate fear-potentiated startle to the auditory or visual CSs. Extensive posttraining lesions of the perirhinal area (including secondary auditory cortices), but not its rostra1 aspect alone, blocked fear-potentiated startle to both CSs. However, reliable po- Recent findings indicate that the basolateral complex of the amygdala, traditionally including the lateral, basolateral, and basal nuclei (De Olmos et al., 1985) is an essential link in the neural circuit mediating classical fear conditioning, at least for auditory and visual conditioned stimuli (LeDoux et al., 1990b; Sananes and Davis, 1992; Campeau and Davis, 1995) . Anatomically, the necessity of the basolateral complex, and more particularly the lateral nucleus in fear conditioning, depends at least in part upon its relay function between various subcortical and cortical sensory areas and the central nucleus of the amygdala (see LeDoux et al., 1990a) . In rats, subcortical afferents to the lateral nucleus of the amygdala originate from the thalamic medial division of the medial geniculate body (MGM), the posterior intralaminar nucleus (PIN), and the suprageniculate nucleus (SG; Veening, 1978b; Ottersen and Ben-Ari, 1979; Herkenham, 1981, 1991; LeDoux et al., 1984 LeDoux et al., , 1985 LeDoux et al., , 1987 LeDoux et al., , 1990a LeDoux et al., , 1991a . These direct thalamo-amygdala projections are known to be involved in the processing of auditory, somatosensory, and even visual information, in the case of SG (Peschanski et al., 1981; LeDoux et al., 1985 LeDoux et al., , 1987 Hicks et al., 1986) . Cortical afferents to the lateral nucleus of the amygdala include the perirhinal (PRh), and secondary auditory cortices (Te2, Te3; Veening, 1978a; Wakefield, 1980; Turner and Herkenham, 198 1, 1991; Ottersen, 1982; Turner and Zimmer, 1984; McDonald and Jackson, 1987; LeDoux et al., 1991a; Mascagni et al., 1993; Romanski and LeDoux, 1993b) . The cortico-amygdala projections from Te2 and Te3, which have only been described recently, are mostly involved in auditory processing (McDonald and Jackson, 1987; LeDoux et al., 199la; Mascagni et al., 1993; Romanski and LeDoux, 1993b) , showing high-to low-frequency responses in a rostra1 to caudal extension (Sally and Kelly, 1988) . However, visual afferents to posterior Te2 have also been documented (Coleman and Clerici, 1980) . The perirhinal cortex, defined here as in Paxinos and Watson (1986) , receives mixed polymodal inputs, at least for auditory, visual, and possibly somatosensory information, based on anatomical (Deacon et al., 1983 ; see also Guldin and Markowitsch, 1983 , for associative insular area), and electrophysiological evidence from cats and monkeys (Loe and Benevento, 1969; Fallon and Benevento, 1977; Robinson and Burton, 1980) .
The involvement of the various afferents to the lateral nucleus of the amygdala in fear conditioning has usually been tested using auditory conditioned stimuli (CS). In rats, electrolytic or excitotoxic lesions of the entire auditory thalamus, including the ventral (MGV) and dorsal (MGD) divisions of the medial geniculate body, together with MGM, PIN, and SG, completely disrupt somatomotor and cardiovascular conditioned responses to auditory CSs (LeDoux et al., 1984 (LeDoux et al., , 1986a Iwata et al., 1986) .
Regarding more discrete auditory thalamic lesions, initial studies in rabbits suggested that MGM lesions produced unreliable attenuation of conditioned bradycardia to an auditory CS paired with shock (Jarrell et al., 1986a (Jarrell et al., ,b, 1987 . However, these remaining "conditioned" bradycardiac responses observed in MGM lesioned rabbits following auditory CS-shock pairings were recently suggested to be "unconditioned" because similar bradycardiac responses are observed in MGM lesioned rabbits given unpaired auditory CS and shock presentations (McCabe et al., 1993) . Thus, this outcome suggests that the MGM is essential for conditioned bradycardia. In rats, however, electrolytic lesions limited, to MGM, PIN, and SG, do not disrupt somatomotor or cardiovascular conditioned responses (Romanski and LeDoux, 1992a) . At the present time, it is not clear why different outcome were obtained in the study of Romanski and LeDoux with rats, and those of Jarrell, McCabe, and coworkers with rabbits, after relatively discrete lesions involving the MGM.
In all the studies reporting conditioning deficits after auditory thalamic lesions (LeDoux et al., 1984 (LeDoux et al., , 1986a Iwata et al., 1986; McCabe et al., 1993) , the specificity of the lesions upon the auditory modality has not been clearly established (but see LeDoux et al., 1986b , for instrumental aversive conditioning to visual discriminatory stimuli). This is important because as stated above, MGM, PIN, and SG, which were included in the total thalamic lesions of LeDoux and coworkers, are not only involved in auditory processing, but have also been implicated in somatosensory and visual processing. Thus, a primary goal of the following experiments was to evaluate the auditory specificity of subcortical thalamic lateral amygdala afferents by using both auditory and visual CSs in the same animals. In addition, because the results of prior studies were obtained exclusively with pretraining lesions, the observed deficits could have been produced by disruption of a somatosensory pathway (MGM, PIN) involved in the transmission of nociceptive information induced by electric shock stimuli, as suggested recently (Cruikshank et al., 1992) . Hence, another goal of this work was to evaluate the effects of lesions both before and after training (when shocks are no longer presented). The effects of complete auditory thalamic lesions, as compared to lesions restricted to the direct thalamo-amygdala pathway (MGM, PIL, and SG) or to MGV and MGD (which provide auditory inputs to the amygdala only via a cortical relay; see below), were also measured. In the present studies, the MGD is defined as in Paxinos and Watson (1986) , and excludes the adjacent SG, which provides f AUDITORY THALAMUS 1 ERIRHINA -'::::-y CORTEX 9
( AUDITORY CORTEX J Figure   1 . Schematic diagram of auditory afferents to the lateral nucleus of the amygdala. The direct thalamo-amygdala pathway (I) originates from the posterior auditory thalamic nuclei. The thalamo-corticoamygdala pathway (2a, 2b, 2~) originates from all auditory thalamic subnuclei. Inputs from the ventral division of the medial geniculate body to the primary auditory cortex (2~) must be relayed to the secondary auditory cortex before reaching the lateral nucleus of the amygdala. The uncertainty of the existence of afferents to the perirhinal cortex from the dorsal division of the medial geniculate body is indicated by a question mark.
direct subcortical projections to the amygdala, whereas the MGD does not (LeDoux et al., 1985) .
With regard to cortical lateral amygdala afferents, pretraining lesions of Tel, Te2, and Te3 alone, or in combination with PRh, or even complete neodecortication, do not prevent fear conditioning to an auditory CS (DiCara et al., 1970; LeDoux et al., 1984; Romanski and LeDoux, 1992a,b) . Similarly, pretraining auditory cortex lesions in rabbits do not disrupt bradycardiac conditioned responses to an auditory CS paired with shock (Jarrell et al., 1987; Teich et al., 1988) . As discussed above, Te2, Te3, and the PRh provide afferent projections to the lateral nucleus of the amygdala; auditory inputs from Tel can also reach the lateral nucleus via relays in Te2 or Te3 (see Fig. 1 for a schematic diagram of subcortical and cortical afferents to the lateral nucleus of the amygdala). Auditory thalamo-cortical relays involve afferents from all subdivisions of the medial geniculate body and surrounding posterior auditory thalamic nuclei projecting to either Tel, Te2, Te3, or PRh (Ryugo and Killackey, 1974; Deacon et al., 1983; LeDoux et al., 1985 LeDoux et al., , 1991a Winer and Lame, 1987; Roger and Arnault, 1989; Amault and Roger, 1990; Clerici and Coleman, 1990; Romanski and LeDoux, 1993a) . Thus, in rats, pretraining lesions limited to either Tel, Te2, Te3 and PRh on the one hand, or MGM, PIN, and SG on the other hand, do not disrupt auditory fear conditioning, indicating that cortical or subcortical pathways are sufficient to mediate auditory fear conditioning. Combined pretraining lesions of both cortical and thalamic areas, however, produce severe auditory conditioning deficits (Romanski and LeDoux, 1992b) , just as complete auditory thalamic lesions do (LeDoux et al., 1984 (LeDoux et al., , 1986a Iwata et al., 1986) . The specificity of these combined lesions upon auditory fear conditioning is not known.
In contrast to the studies by Dicara et al. (1970) and Romanski and LeDoux (1992a,b) in which pretraining cortical lesions extending to the perirhinal cortex did not disrupt auditory fear conditioning, relatively circumscribed posttraining electrolytic lesions to the anterior perirhinal cortex in rats blocked fear con-ditioning to a visual CS (Rosen et al., 1992) . Similarly, many instances of instrumental aversive conditioning in auditory signaled avoidance tasks are disrupted by relatively extensive posttraining auditory cortical lesions usually extending to the insulartemporal cortex in cats, the homolog of the perirhinal cortex in rats (Guldin and Markowitsch, 1983; see Neff et al., 1975 , for a review). The difference in outcome between the studies described by Neff et al. (1975) and Rosen et al. (1992) , and those from DiCara et al. (1970) and Romanski and LeDoux (1992a,b) , may arise from the use of posttraining lesions, which appear to consistently produce deficits (Neff et al., 1975; Rosen et al., 1992) , versus pretraining lesions, which produce no detectable deficits (DiCara et al., 1970; Romanski and LeDoux, 1992a,b) . Hence, an additional goal of the following experiments was to evaluate the involvement of cortical afferents to the lateral nucleus of the amygdala by testing the effects of lesions to Tel, or combined lesions to Te2, Te3, and PRh, both before and after training, upon fear conditioning to auditory and visual CSs. Conditioning was measured using the amplitude of the acoustic startle reflex, which is reliably enhanced in the presence of a CS previously paired with footshock (Brown et al., 1951) , a phenomenon now termed fear-potentiated startle. To assess the involvement of neurons as compared to fibers of passage in the lesioned areas, both electrolytic and neurotoxic lesions were routinely tested.
Materials and Methods Subjects
Experimentally naive male albino Sprague-Dawley rats weighing 320-400 gm (Charles River Co., Kingston, NY) were used. The rats were housed in wire cages (17 X 35 X 45 cm) in groups of two or three with water and laboratory chow continuously available, and maintained on a 12 hr: 12 hr light+lark cycle (lights on at 7:00 A.M.). Rats were acclimated to the colony rooms for 2-3 weeks before experimental manipulation.
Apparatus
The equipment used was similar to that described previously (see Cassella aid-Davis, 1986 . Briefly, five separate stabilimeters were used. each consisting of a 8 X 1.5 X 15 cm Plexiglas and wire mesh cage suspended with;n a 25 X 20 X 20 cm heavy steel frame. The floor of each stabilimeter was composed of four stainless steel bars (6.0 mm in diameter), spaced 20 mm apart (center to center), through which electric shocks could be delivered. Within the steel frame, the cage was compressed between four springs above and a 5 X 5 cm rubber cvlinder below. with an accelerometer (Endevco 2217E) located betwee; the cage anb the rubber cylinder. Cage movement resulted in displacement of the accelerometer, the output of which was amplified (Endevco model 104), digitized and stored on a Macintosh II computer. Startle amplitude was defined as the maximum accelerometer voltage that occurred during the first 200 msec after startle stimulus onset. The stabilimeters were housed on two shelves within a ventilated, sound-attenuating chamber (2.5 X 2.5 X 2 m; Industrial Acoustic Co.).
The startle stimuli were 50 msec (rise-decay: 5 msec) bursts of white noise of variable intensity. Background white noise (O-20 kHz) of 55 dB (SPL) was provided throughout all experiments. The auditory CS was produced by a white noise generator and band-pass filtered, with the low-and high-pass filters both set at 2 kHz (24 dB/octave attenuation), at an intensity of 70 dB (SPL). Relatively low-frequency auditory CSs were previously found to produce reliable fear-potentiated startie- . The auditory CS was delivered by a sneaker located anmoximatelv 70 cm in front of each cage. An 8 W iuorescent light d;lb (rise-decay, 100 psec; 800 ft lambe& intensity), located approximately 5 cm behind, and at a level 5 cm above the grid floor of each startle cage, served as the visual CS. Each cage's grid floor could be electrified by constant current shock-generator scramblers at an intensity of 0.5 mA (see Cassella and Davis, 1986 , for current derivation).
Behavioral procedures
Matching. On the first 2 d of all experiments, rats were placed in the stabilimeter cages and 5 min later presented with 30 startle stimuli at a 30 set interstimulus interval. Intensities of 90, 95, and 105 dB (SPL) were used with 10 startle stimuli at each intensity. Startle stimuli were presented in a balanced, irregular sequence with the restriction that each of the three intensities had to occur in every three trial blocks. The mean startle amplitude across the 30 startle stimuli on the last matching day was used to assign rats into several groups with similar means before training, or surgery.
Training. On the day after the last matching test, rats were placed in the stabilimeter cages and 5 min later presented with the first of ten 3.7 set auditory CSs, mixed with 10 additional presentations of the 3.7 set visual CS. Auditory and visual CSs coterminated with footshock. The CSs were irregularly presented at a variable intertrial interval of 3.0 min (range, 1.54.5 min), with the restriction that no more than three consecutive CSs of the same modality were presented. Training was conducted on each of 2 consecutive davs, for a total of 20 nresentations of each CS type.
Testing. Rats were placed back in the stabilimeters and 5 min later presented with 30 startle eliciting stimuli alone (95 dB). Thirty seconds following the last initial startle stimulus, 40 additional 95 dB startle stimuli were presented, consisting of 30 startle stimuli alone, 5 startle stimuli occurring 3.2 set after the onset of the 3.7 set auditory CS, and 5 startle stimuli occurring 3.2 set after the onset of the 3.7 set visual CS. The startle stimuli were presented at a fixed interstimulus interval of 30 set, and the occurrence of each trial type was semirandom with the restriction that each block of eight trials contained six startle stimulus alone trials, one auditory CS trial, and one visual CS trial.
Posttraining lesion studies. Rats were first trained on each of 2 consecutive days, and given a potentiated startle test on the next day, as described above. On the basis of this test, rats showing greater than 50% startle potentiation to each CS modality (approximately 85% of all animals) were divided into unoperated, sham-operated or lesioned groups with similar levels of fear-potentiated startle to each CS modality. Surgery was performed 2448 hr after the potentiated startle test. After a 10 d recovery period, rats were tested with the same initial fearpotentiated startle test.
Pretraining lesion studies. Rats were divided into unoperated, shamoperated or lesioned groups with similar startle responses on the basis of the matching test. Surgery was performed 2448 hr after matching. After a 7 d recovery period, rats were trained on each of 2 consecutive days and tested for fear-potentiated startle 24 hr later. Thus, in both preand posttraining studies, the lesion-to-test interval was kept constant at 10 d, but testing occurred either 1 or 10 d after training. This particular design was chosen because rats show similar fear-potentiated startle levels when tested from 1 to 30 d after training (Campeau et al., 1990) .
Footshock sensitivity. Following pretraining lesion studies, rats were tested for their reactivity to footshock. They were placed in the stabilimeters and 5 min later presented with a train of 10 footshocks, of 0.5 set duration, at a rate of 1 shock/set. Each rat received a total of 10 footshock trains, 2 at each of 0.2, 0.4, 0.6, 0.8, and 1.0 mA intensity, in an ascending/descending order. This procedure was performed to determine if lesions altered footshock sensitivity, at least as judged by this measure.
Surgical procedures
General. Rats were anesthetized by intraperitoneal injections of 400 mgikg of chloral hydrate (Sigma) dissolved in sterile saline (0.9% NaCl) when electrolvtic lesions were to be made. For ibotenic acid or NMDAinduced excitbtoxic lesions, rats were anesthetized by intraperitoneal injection of 50 mg/kg of Nembutal (Abbott). Cortical aspirations were made under Halothane anesthesia to permit quick recovery after decortications. Rats were placed in a Kopf stereotaxic instrument equipped with blunt earbars, an incision of the skin overlying the skull was made, and small burr holes were drilled through the skull to allow penetration of electrodes or injectors. Bilateral lesions were performed in all experiments. Following the surgical procedures, the scalp incision was closed with surgical stainless steel clips, and rats were kept warm and under observation until recovery from anesthesia. They were subsequently housed two per cage to minimize isolation stress.
Electrolytic lesions. Electrolytic lesions were made with stainless steel electrodes (0.25 mm in diameter) insulated except for 0.5 mm of the tip. A constant current source generated DC anodal current for all electrolytic lesions at an intensity of 0.1 mA. Sham electrolytic lesions consisted of lowering the electrode 1.0 mm above the ventral lesion coordinate without passing current. All coordinates are in reference to the flat skull system of Paxinos and Watson (1986) . If disruption of fear-potentiated startle was obtained with electrolytic lesions, the effects of excitotoxic lesions were evaluated in additional rats.
Excitotoxic lesions. Neuronal cell loss was induced by ibotenic acid of N-methyl-D-aspartic acid (Sigma), dissolved in sodium phosphate buffer (pH 7.4), at the indicated volumes and concentrations. The injector (Hamilton 1 or 2 pl syringes) was lowered into the brain and left in place 5 min before and 10 min after each injection. The rate of infusion was 0.05 pl/min. Sham surgeries involved the same manipulations except that only the vehicle solution (sodium phosphate buffer) was injected.
Lesions of the auditory thalamus. Posttraining lesions of the entire auditory thalamus were performed on 16 rats by passing current for 60 set at 5.2 mm posterior, 3.3 mm lateral, and 6.8 mm ventral, and at 6.4 mm posterior, 3.3 mm lateral, and 6.8 mm ventral. Unoperated (n = 9) and sham-operated (n = 8) rats served as controls. Additional posttraining excitotoxic lesions of the entire auditory thalamus were performed on 15 rats by injecting 0.3 pl of a 15 pg/pl solution of ibotenic acid at 5.2 mm posterior, 3.3 mm lateral, and 6.8 mm ventral, and at 6.5 mm posterior, 3.2 mm lateral, and 6.8 mm ventral to bregma. Unoperated (n = 10) and sham-operated (n = 10) rats served as controls. Lesions similar to the ones described above for posttraining electrolytic lesions were given to 11 additional rats before training. Additional unoperated (n = 7) and sham-operated (n = 7) rats served as controls.
Extensive pilot work indicated that more confined lesions could be obtained by NMDA as compared to ibotenic acid infusion in the auditory thalamus. Thus, excitotoxic lesions of the ventral and dorsal divisions of the medial geniculate body were performed on 16 rats by injecting a 20 kg/k1 solution of NMDA in a volume of 0.05 pl at 5.0 mm posterior, 3.4 mm lateral, and 6.4 mm ventral, with a second injection of a volume of 0.08 pl at 6.1 mm posterior, 3.4 mm lateral, and 6.2 mm ventral. Lesions of the posterior auditory thalamic nuclei were performed on 16 additional rats by injecting a 20 pg/pl solution of NMDA in a volume of 0.05 ~1 at 5.1 mm posterior, 2.8 mm lateral, and 6.9 mm ventral, with a second injection of a volume of 0.08 pl at 6.1 mm posterior, 2.8 mm lateral, and 6.9 mm ventral. Sham-operated rats (n = 10) served as controls. Three days after the postlesion fearpotentiated startle test, rats were retrained and retested with procedures similar to those used prior to lesions.
Lesions of the primary auditory cortex. Cortical lesions aimed at the primary auditory cortex were attempted in 15 rats by subpial aspiration via a small Pasteur pipette with a 90" angled tip connected to a vacuum, using a direct approach of the temporal cortex exposed by removing an approximately 7 mm X 4 mm flap of the overlying skull. Upon completion of tissue removal, the wound was packed with gelfoam previously soaked in sterile saline. The rats were then given multiple injections of lidocaine around the wound area, one injection of antibiotics, and anesthesia was discontinued. Sham lesions (n = 12) consisted of removing the skull overlying the same area as in the lesioned animals, without performing tissue aspirations. Unoperated rats (n = 12) were also included in this study. Additional rats (n = 16) were given pretraining aspirations similar to the ones described above. Unoperated (n = 13) and sham-operated (n = 12) rats served as controls. Posttraining excitotoxic lesions aimed at the primary auditory cortex were performed in 16 additional rats by injecting a 20 p,g/pl solution of NMDA in a volume of 0.22 pl at 4.0 mm posterior, 6.4 mm lateral, and 5.2 mm ventral, and at 5.6 mm posterior, 6.6 mm lateral, and 5.4 mm ventral. Unoperated (n = 10) and sham-operated rats (n = 13) served as controls.
Lesions of the secondary auditory and perirhinal cortices. In an attempt to first replicate the results of Rosen et al. (1992) , initial posttraining lesions of the anterior perirhinal area (the anterior perirhinal cortex including cortical tissue dorsal to it) were tested. These lesions (n = 15) were performed electrolytically by passing current for 50 set at 1.8 and 3.0 mm posterior to bregma, each being 6.5 mm lateral and 8.1 mm ventral. Sham-operated (n = 11) rats served as controls. Posttraining excitotoxic lesions aimed at the anterior perirhinal area were performed on nine rats by injecting a 20 pg/pl solution of NMDA in a volume of 0.22 pl at 2.7 mm posterior, 6.3 mm lateral, and 7.8 mm ventral. Unoperated (n = 6) and sham-operated (n = 6) rats served as controls. Posttraining excitotoxic lesions aimed at the perirhinal area in most of its rostro-caudal extent were performed on 23 rats by injecting a 20 yg/pl solution of NMDA in a volume of 0.22 pl at 2.0 mm posterior, 6.2 mm lateral, and 7.8 mm ventral, and volumes of 0.12 pl at 4.5 mm posterior, 6.5 mm lateral, and 7.7 mm ventral, and 5.5 mm posterior, 6.6 mm lateral, and 7.6 mm ventral. Unoperated (n = 10) and sham-operated (n = 12) rats served as controls. Similar pretraining excitotoxic lesions of the entire perirhinal area were performed in 20 additional rats, including sham-operated (n = 16) and unoperated (n = 12) controls.
Histology
At the end of the experiments, lesioned rats were anesthetized with an overdose of chloral hydrate and perfused with physiological saline followed by 10% buffered formalin phosphate. Brains were removed and stored in a solution of 30% sucrose in formalin for at least 2 d. Brains were sectioned in a cryostat, where every fifth 40 pm section in the lesioned area was placed on gelatin coated slides. After drying, the slides were stained with cresyl violet in the case of electrolytic lesions, or by the Kluver-Barrera method in the case of most excitotoxic lesions, to assess separately damage to cell bodies versus fibers of passage.
Data reduction and statistical analysis
The lesions were reconstructed on plates photocopied from the rat brain atlas of Paxinos and Watson (1986) . Inclusion of rats in statistical analyses was strictly based on the adequacy of the lesions, without knowledge of the behavioral data of individual rats. Criteria for adequate lesions included bilateral damage of the area investigated throughout most of its extent, with incomplete and inconsistent damage of surrounding areas.
The initial 30 startle stimuli alone were used to habituate the rats to the acoustic startle stimuli and were not used for statistical analysis. Mean startle amplitudes were computed for the startle stimulus alone trials and the auditory and visual CS trials, respectively, for each rat. In addition, the mean startle amplitude on the startle stimulus alone trials was subtracted from the mean startle amplitude on the respective auditory and visual CS trials, providing a difference score for each CS modality, for each rat. Repeated-measures ANOVAs were first conducted on the mean startle amplitude data, to detect significant levels of fear-potentiated startle (trial type effect), and possible interactions with treatment (surgical conditions). Because the detection of significant interactions mainly reflects group differences between their respective startle stimulus alone trial means and auditory or visual CS trial means, these interactions were further analyzed by carrying out additional oneway ANOVAs on difference scores for each CS modality. A main effect of a one-way ANOVA on difference scores is numerically identical to the interaction term obtained from mean startle amplitude data computed for each CS modality, but multiple mean comparisons are easier to visualize graphically and to compute using the difference score data. However, difference score analyzes were performed only in cases where no reliable effects had been obtained after an initial one-way ANOVA was performed on startle stimulus alone trials (i.e., no group differences could be attributed merely to changes in startle responsiveness). These analyses were complemented, when required, by post hoc multiple mean comparisons (Tukey HSD or Newman-Keuls) or t tests.
For the shock-induced activity test, mean activity was computed by averaging activity across the 10 consecutive shock presentations for each intensity. The results of the ascending and descending shock series were further averaged for each shock intensity. Standard repeated-measures or one-way ANOVAs, complemented, when required, by t tests, were then conducted.
Results
Lesions of the entire auditory thalamus From the 16 rats undergoing posttraining electrolytic lesions of the entire auditory thalamus, three were excluded from the study because they sustained incomplete bilateral damage to MGM and PIN. In the other rats (n = 13), the lesions destroyed MGV, MGD, MGM, PIL, and SG. Inconsistent damage to the anterior pretectal nucleus, the lateral posterior nuclei, the lateral geniculate nuclei, the posterior thalamic nucleus, the subparafascicular thalamic nucleus, the dorsomedial division of the substantia nigra, and the brachium of the inferior colliculus were also obtained. Histological reconstructions of the smallest and largest Figure 2 . Histological reconstructions of the smallest (black) and largest (hatched) electrolytic (center) and ibotenic acid (right) lesions aimed at the entire auditory thalamus. Serial coronal plates through the extent of the auditory thalamus are shown on the left (the negative numbers to the left indicate posterior distance from bregma; adapted from Paxinos and Watson, 1986) . The lateral aspects of each side of the brain with medial aspects removed are shown to conserve space. See Appendix for abbreviations. electrolytically induced auditory thalamic lesions sustained by animals retained in this study are shown in Figure 2 . The upper panel of Figure 3 illustrates that complete posttraining electrolytic lesions of the auditory thalamus selectively disrupted fearpotentiated to the auditory, but not to the visual CS [trial type X treatment condition interaction, F(4,54) = 5.10, p < O.OOl]. The ANOVA on startle stimulus alone trials indicated no treatment effect, F(2,27) = 0.04, p > 0.05. A reliable treatment condition effect was found on the auditory CS difference scores, F(2,27) = 13.75, p < 0.001, but not on the visual CS difference scores, F(2,27) = 1.01, p > 0.05. Rats sustaining auditory thalamic lesions had significantly lower potentiated startle to the auditory CS than the unoperated and sham-operated rats (all p values < 0.05). Furthermore, the lesioned group showed no evidence of potentiation to the auditory CS, t( 12) = 0.61, p > 0.05, but significant potentiation to the visual CS, t(13) = 3.83, p < 0.002. This specific disruption of fear-potentiated startle to the auditory CS cannot be explained by weaker conditioning in the lesioned rats, because the prelesion test indicated no differences between potentiation levels, F(4,54) = 0.18, p > 0.05 (data not shown).
From the 15 rats undergoing ibotenic acid lesions, four rats had significant bilateral cell sparing in MGV, MGD, MGM, or PIL, so these rats were excluded from further analyses. In the remaining rats (n = 1 1), the ibotenic acid lesions were typically similar to those produced electrolytically, but with increased damage to the lateral geniculate nuclei and hippocampal formation, as shown from the histological reconstructions of the smallest and largest lesions (Fig. 2) . The middle panel of Figure   3 indicates that ibotenic acid lesions of the entire auditory thalamus also selectively disrupted potentiated startle to the auditory CS [trial type X treatment condition interaction, F(4,56) = 3.99, p < 0.0061. The ANOVA on startle stimulus alone trials indicated no treatment effect, F(2,28) = 1.21, p > 0.05. However, the lesioned rats were reliably different from the control rats on auditory CS difference scores, F(2,28) = 11.36, p < 0.001, but not on the visual CS difference scores, F(2,28) = 2.10, p > 0.05. The lesioned rats had significantly lower potentiated startle levels than the unoperated or sham-operated rats (p values < 0.05). The lesioned group showed no reliable potentiation to the auditory CS, t(l0) = 2.04, p > 0.05, but significant fear-potentiated startle to the visual CS, t(l0) = 6.19, p < 0.001. This again could not be attributed to weaker fear-potentiated startle in the group of rats that were to receive lesions, because all groups showed comparable potentiated startle levels prior to surgery [trial type X treatment condition, F(4,56) = 0.37, p > 0.05; data not shown].
From the 11 rats that underwent complete pretraining electrolytic lesions of the auditory thalamus, four rats had incomplete damage of the posterior auditory thalamic nuclei, and were thus excluded from the remaining analyses. In the other rats (n = 7), the electrolytic lesions performed prior to training were similar to the ones described above for rats sustaining posttraining lesions. The lower panel of Figure 3 shows that pretraining lesions of the entire auditory thalamus selectively disrupted fear-potentiated startle to the auditory CS, as observed with posttraining lesions [trial type X treatment condition interaction, F(4,36) = 2.94, p < 0.031. The ANOVA on startle stimulus alone trials indicated no treatment effect, F(2,18) = 0.13, p > 0.05. A reliable treatment condition effect was obtained for the auditory CS, F(2,18) = 8.50, p < 0.003, but not for the visual CS difference scores, F(2,18) = 0.24, p > 0.05. The auditory thalamic lesioned rats showed reliably lower potentiation than the unoperated and sham-operated animals, respectively (all p values < 0.05, Tukey). These lesioned rats demonstrated significant startle potentiation to the visual CS, t(6) = 5.57, p < 0.001, but not to the auditory CS, t(6) = 0.80, p > 0.05. This selective auditory disruption is not likely to be the result of lower shock reactivity in lesioned rats, because no reliable treatment condition effect on shock reactivity, F(2,18) = 2.45, p > 0.05, or of a treatment condition X shock intensity interaction, F(8,72) = 1.70, p > 0.05, were obtained (see Table 1 ).
Lesions of different subdivisions of the auditory thalamus
From the 16 rats that were given NMDA lesions aimed at MGV and MGD, six rats only had unilateral or incomplete bilateral cell loss. From the 16 rats that were given NMDA lesions aimed at MGM, PIL, and SG, eight rats had unilateral or bilateral cell sparing of the MGM, PIL, or SG. These rats were left out of the remaining analyses. Reconstructions of the smallest and largest lesions of MGV and MGD or of MGM, PIL and SG, for the animals included in this experiment (n = 17), are presented in Figure 4 . As shown in the upper panel of Figure 5 , posttraining NMDA lesions of MGV and MGD specifically disrupted fearpotentiated startle to the auditory CS [trial type X treatment condition interaction, F(4,48) = 4.41, p < O.OOS]. Importantly, lesions of MGM, PIL, and SG did not disrupt fear-potentiated startle. This impression was supported by a reliable treatment condition effect on auditory CS difference scores, F(2,24) = 5.73, p < 0.01, where MGV and MGD lesioned rats were significantly different from the shams, t(18) = 3.89, p < 0.001, and posterior auditory thalamic lesioned rats, t(l5) = 2.84, p < 0.02. Importantly, there was no difference between the auditory difference scores of the sham and MGM, PIL, and SG lesioned rats (p > 0.05). A reliable effect was obtained on the visual CS difference scores, F(2,24) = 4.21, p < 0.05, but only because the rats sustaining posterior auditory thalamic lesions showed significantly greater potentiation than the MGV and MGD lesioned rats, t(l5) = 2.61, p < 0.02. There was no difference between the visual CS difference scores of the sham and MGV and MGD lesioned rats, t(18) = 1.43, p > 0.05. Sham-operated and posterior auditory thalamic lesioned rats were reliably potentiated on the auditory and visual CS trials (p values < 0.05). However, animals with MGV and MGD lesions did not show potentiation to the auditory CS, t(9) = 1.83, p > 0.05, but demonstrated reliable fear-potentiation on visual CS trials, t(9) = 4.42, p < 0.005. The specific disruption of fear-potentiated startle to the auditory CS in the group sustaining NMDA lesions of MGV and MGD, compared to the sham-operated or MGM, PIL, and SG lesioned rats, could not be attributed to different responsiveness to the startle stimulus, F(2,24) = 0.24, p > 0.05, nor to different potentiated startle levels between the treatment conditions prior to the lesions [trial type X treatment condition interaction, F(4,48) = 0.58, p > 0.05; data not shown].
The lower panel of Figure 5 also indicates that retraining in MGV and MGD lesioned rats produced relatively high levels of fear-potentiated startle to both CS modalities, as no trial type X treatment condition interaction was detected (p > 0.05). Auditory cortex lesions From the 1.5 rats undergoing posttraining auditory cortical aspirations, five rats sustained unilateral or bilateral damage extending below the rhinal fissure, sometimes extending to the adjacent lateral nucleus of the amygdala, and two additional rats had significant sparing of the primary auditory area. These rats were excluded from subsequent analyses. The other rats (n = 8) typically had near complete bilateral damage of the primary auditory cortex, and variable but incomplete damage to secondary auditory cortices, primary and secondary somatosensory cortices, and secondary visual cortex. All rats were observed to sustain consistent and significant cellular loss in the ventral division of the medial geniculate body, further indicating significant damage to the primary auditory cortex. Reconstructions of the smallest and largest cortical ablations are presented in Figure  6 . The apparent attenuation of potentiated startle to either the auditory or visual CSs in rats decorticated after training shown in the upper panel of Figure 7 was not statistically reliable [trial type X treatment condition interaction, F(4,58) = 1. From the 16 rats undergoing posttraining NMDA-induced lesions of the auditory cortex, five rats had incomplete bilateral cell loss in the primary auditory cortical area, and were excluded from the remaining analyses. In the other rats (n = ll), the excitotoxic lesions were relatively limited to auditory cortical areas, avoiding for the most part visual and somatosensory cortices, unlike the more extensive damage observed after aspiration lesions. Reconstructions of the smallest and largest NMDAinduced lesions of the auditory cortex are presented in Figure 6 . As with aspiration lesions, the middle panel of Figure 7 From the 16 rats undergoing pretraining cortical aspirations, five rats had large lesions extending to the rhinal sulcus and lateral nucleus of the amygdala, and five additional rats were found to have sparing of the primary auditory cortex dorsally. These rats were excluded from further analyses. The extent of the lesions in the remaining six rats was similar to that described above for rats sustaining posttraining cortical aspirations. As indicated in the lower panel of Figure 7 , no differences between the different treatment conditions were obtained [trial type X treatment condition interaction, F(4,56) = 0.07, p > 0.051. All treatment conditions demonstrated reliable potentiated startle to the auditory and visual CSs (all p values < 0.05).
Lesions of the anterior perirhinal area
From the 15 rats undergoing posttraining electrolytic lesions of the anterior perirhinal area, the lesions missed the ventral perirhinal area in four rats, two rats had relatively extensive lateral amygdala damage, and two additional rats had incomplete bilateral perirhinal area lesions. These rats were excluded from further analyses. In the other rats (n = 7) the lesions invaded all aspects of the perirhinal cortex, including ventral, lateral, medial, and dorsal aspects, and included significant portions of the secondary auditory and somatosensory cortices. These electrolytic lesions also abutted the external capsule and lateral nucleus of the amygdala, without, however, significantly damaging this nucleus. Reconstructions of the smallest and largest anterior perirhinal area lesions are presented in Figure 8 . The upper panel of Figure 9 shows that relatively complete lesions of the anterior perirhinal cortical area appeared to disrupt fear-potentiated startle to the auditory and visual CSs, but the trial type X treatment condition interaction did not reach significance, F(2,32) = 2.62, p > 0.05. A significant attenuation of fear-potentiated startle in the anterior perirhinal lesioned rats was revealed from analyzing the difference scores on the auditory CS, F( 1,16) = 6.44, p < 0.05, but not on the visual CS trials, F(1,16) = 3.67, p > 0.05. This fearpotentiated startle disruption could not be attributed to changes in startle responsiveness in the lesioned rats, because no effects were obtained from the ANOVA on startle stimulus alone trials, F( 1,16) = 0.23, p > 0.05. Reliable fear-potentiated startle on auditory and visual CS trials was found in sham-operated rats @ values < 0.02), but not in anterior perirhinal lesioned rats (p values > 0.05). These disruptions could not be attributed to different levels of fear-potentiated startle prior to surgery, because no trial type X treatment condition interaction or no treatment effects on the difference scores were observed on the prelesion startle test (all p values > 0.05; data not shown).
From the nine rats undergoing posttraining NMDA lesions of the anterior perirhinal area, two rats sustained relatively extensive bilateral cell loss in the lateral nucleus of the amygdala, and were therefore excluded from further analyses. In the rats retained for analysis (n = 7) the lesions typically produced significant cell loss in the anterior perirhinal area, extending nearly through the entire rostro-caudal extent along the amygdaloid complex. Additional cell loss in the ventral secondary auditory and somatosensory cortices were obtained in many rats. Inconsistent damage to small areas of the lateral part of the lateral nucleus of, the amygdala, the dorsal piriform and endopiriform cortices, and parietal cortices were observed in some rats. Figure  8 presents reconstructions of the smallest and largest NMDAinduced lesions of the anterior perirhinal area. Unlike electrolytic lesions, the lower panel of Figure 9 shows that NMDAinduced lesions of the anterior perirhinal cortex did not significantly disrupt fear-potentiated startle. ANOVAs on the CS difference scores showed no treatment condition effects (all JJ values > 0.05). Reliable potentiated startle to the auditory and visual CSs was obtained in the sham-operated and lesioned rats (all p values < 0.05), with marginal potentiation to the auditory CS in lesioned animals, t(6) = 2.31, p < 0.06.
Lesions of the entire perirhinal area
From the 23 rats undergoing NMDA lesions aimed at the entire perirhinal area, many rats sustained inappropriate lesions, mainly because the lesions invaded significant portions of the lateral nucleus of the amygdala (n = 9), and some of them because of significant sparing of the secondary auditory or perirhinal cortices unilaterally or bilaterally (n = 4). In the rats retained for analysis (n = lo), the lesions typically produced near total cell loss in the perirhinal cortex, and in the secondary auditory cortices. Inconsistent damage to the piriform, endopiriform, and entorhinal cortices, area CA1 of the posterior hippocampus, and NMDA-induced (middle panel), or pretraining aspiration lesions (lower panel), of the auditory cortex. Mean amplitude startle on the startle stimulus alone trials was 281.3 for unoperated rats, 309.3 for shamoperated rats, and 393.8 for rats sustaining posttraining auditory cortex aspirations. Mean amplitude startle on startle stimulus alone trials was 308.0 for unoperated rats, 319.9 for sham-operated rats, and 335.8 for rats sustaining posttraining NMDA lesions of the auditory cortex. Mean amplitude startle on startle stimulus alone trials was 335.0 for unoperated rats, 300.8 for sham-operated rats, and 324.2 for rats sustaining pretraining auditory cortex aspirations.
parietal cortex was also observed. Figure 10 presents reconstructions of the smallest and largest extensive perirhinal area lesions. The upper panel of Figure 11 shows that extensive posttraining NMDA lesions of the perirhinal area produced complete disruption of potentiated startle to the auditory and visual CSs, as indicated by a significant trial type X treatment condition interaction, F(4,58) = 3.36, p < 0.02. As compared to the controls, perirhinal area lesioned rats showed reliably different potentiated startle to the auditory CS, F(2,29) = 3.44, p < 0.05, and the visual CS, F(2,29) = 10.31, p < 0.001. Potentiated startle levels in lesioned rats were different from those of the unoperated and sham-operated rats to either the auditory or visual CS (all p values < 0.05). Unoperated and sham-operated controls demonstrated significant fear-potentiated startle to both CSs (p values < 0.05), but the lesioned rats failed to demonstrate reliable potentiation to either the auditory CS, t(9) = 1.07, p > 0.05, or the visual CS, t(9) = 0.70, p > 0.05. The impairment observed in lesioned rats could not be attributed to different startle responsiveness because there were no treatment condition effect on the startle stimulus alone trials, F(2,29) = 0.16, p > 0.05. Likewise, all groups showed similar potentiated startle levels prior to surgery, as indicated by a lack of trial type X treatment condition interaction on the prelesion test, F(4,58) = 1.07, p > 0.05 (data not shown).
From the 20 rats that underwent pretraining perirhinal area NMDA lesions, 8 rats had extensive unilateral or bilateral lesions to the lateral nucleus of the amygdala, or had significant neuronal sparing throughout the perirhinal area (n = 2), so these rats were excluded from further analyses. In the rats retained for analysis (n = lo), the extent of the lesions was similar to that obtained following extensive posttraining NMDA lesions of the secondary auditory and perirhinal cortex in the preceding experiment. The lower panel of Figure 11 shows that despite an apparent attenuation of fear-potentiated startle in rats sustaining pretraining perirhinal area lesions, this attenuation was not reliable [trial type X treatment condition interaction, F(4,70) = 1.36, p > 0.051. No treatment condition effects were detected upon auditory and visual CS difference score analyses [F(2,35) = 2.15, and 1.62, p values > 0.05, respectively]. Moreover, each treatment condition displayed reliable startle potentiation to each CS (all p values < 0.05).
A possible reason for the apparent lower potentiated startle level observed in the lesioned rats might have been due to their lower reactivity to footshock, as suggested in Table 1 . However, an overall ANOVA with shock intensity as a within-subjects factor, and treatment condition as a between-subject variable revealed no overall differences between conditions, F(2,35) = 0.33, p > 0.05, although a near significant interaction was obtained between shock intensity and treatment conditions, F(8,140) = 1.937, p = 0.06. ANOVAs on shock reactivity at intensities apparently most affected did not reveal reliable differences between conditions, F(2,35) = 3.03 and 0.84, p values > 0.05, for 0.4 and 0.6 mA shocks, respectively.
Discussion
Involvement of the auditory thalamus in fear conditioning Because the basolateral complex of the amygdala is an essential link in a circuit mediating classical fear conditioning to auditory and visual CSs (LeDoux et al., 1990; Sananes and Davis, 1992; Campeau and Davis, 1995) , the involvement of some of its afferent inputs were tested in the present experiments. Innervation of the basolateral complex of the amygdala, and more specifi- tally the lateral nucleus, includes subcortical afferents from the medial division of the medial geniculate body, the posterior intralaminar nucleus, and the suprageniculate nucleus of the thalamus. Although lesions of the auditory thalamus, including these lateral amygdala afferents, have been shown to be involved in classical fear conditioning to auditory CSs (LeDoux et al., 1984 (LeDoux et al., , 1986a Iwata et al., 1986; McCabe et al., 1993) , the specificity of the lesion-induced deficits upon the auditory modality has not been established (but see LeDoux et al., 1986b , for instrumental aversive conditioning to visual discriminatory stimuli). This is important because, as discussed in the Introduction, these nuclei are not only involved in auditory functions, but have also been implicated in somatosensory and visual information processing (Peichanski et al., 1981; LeDoux et al., 1985 LeDoux et al., , 1987 Hicks et al., 1986; Cruikshank et al., 1992) . In the present studies, complete electrolytic or excitotoxic lesions of the entire auditory thalamus specifically disrupted fear-potentiated startle to the auditory CS, whether the lesions were made before or after conditioning. This outcome supports the prior findings of collaborators (1984, 1986a,b; Iwata et al., 1986) , and demonstrates the necessity of the auditory thalamus in fear conditioning, specifically to auditory stimuli, using classical conditioning procedures.
The results also indicate that the medial division of the medial geniculate body and posterior intralaminar nucleus are not necessary for transmission of somatosensory information initiated by shock delivery, because rats lesioned before training showed conditioned fear to the visual CS. However, a negative finding using lesion techniques does not preclude the involvement of these nuclei, in conjunction with other structures, in the transmission of somatosensory information induced by footshock (Cruikshank et al., 1992) .
The outcome obtained after more selective auditory thalamic lesions indicated that only posttraining lesions to the ventral and dorsal divisions of the medial geniculate body, which innervate the lateral nucleus of the amygdala after one or more cortical relays, specifically disrupted fear-potentiated startle to the auditory CS. In contrast, if anything, rats with lesions of the medial division of the medial geniculate body, posterior intralaminar, and suprageniculate nuclei displayed higher levels of fear-potentiated startle, especially to the auditory CS. Hence, these data suggest that the afferents originating from the ventral and dorsal divisions of the medial geniculate body are involved in the expression of fear-potentiated startle to an auditory CS. Afferents originating from the posterior auditory thalamic nuclei also appear to be involved in fear-potentiated startle to an auditory CS, but only after injury to the ventral and dorsal divisions of the medial geniculate body, as suggested by the significant levels of fear-potentiated startle after retraining in rats previously given ventral and dorsal medial geniculate body lesions. However, an important limitation to the proposal of the involvement of the ventral and dorsal divisions of the medial geniculate body in auditory fear conditioning involves the possibility that destruction of even a few neurons of the posterior auditory thalamic nuclei, in combination with lesions of the MGV and MGD, might be responsible for the disruption observed. This possibility cannot be entirely ruled out with the present results.
The disruptive effect of ventral and dorsal divisions lesions is, in part, different from the results of Jarrell et al. (1987) , who observed, in rabbits, no effects of lesions limited to the ventral division of the medial geniculate body on differential bradycar-disc conditioning. Inclusion of the dorsal division in the present lesions, or species differences in the connectivity between the thalamus and forebrain, might underlie these differences. The lack of disruptive effects of posterior auditory thalamic lesions is consistent with the results of Romanski and LeDoux (1992a,b) with somatomotor and cardiovascular conditioned responses to auditory CSs in rats, but is different from the results of McCabe et al. (1993) , who observed disruption of conditioned bradycardisc responses to auditory CSs by lesions of the medial division of the medial geniculate body in rabbits. At the present time, it is not clear why different outcome are obtained between the present studies, and those of Romanski and LeDoux with rats on the one hand, and those of Jarrell, McCabe, and coworkers with rabbits on the other hand, after relatively discrete lesions involving the MGM.
Involvement of the primary auditory cortex in fear conditioning Pre-or posttraining auditory cortex aspirations, mostly restricted to the primary auditory. area, as revealed by retrograde degeneration of the ventral division of the medial geniculate body, did not reliably disrupt fear-potentiated startle. The unreliable attenuation of fear-potentiated startle observed after posttraining lesions was not specific to the auditory CS, or to the lesioned rats, and was less pronounced when the more restricted excitotoxic lesions were used. Thus, part of the attenuation obtained to the auditory, and perhaps, to the visual CS, could be attributed to the surgical procedures alone. Hence, these results suggest that the primary auditory cortex is not necessary for fear-potentiated startle to auditory CSs, and is consistent with other classical fear conditioning studies (LeDoux et al., 1984; Jarrell et al., 1987; Teich et al., 1988; Romanski and LeDoux, 1992a,b) . By default then, the present results suggest the involvement, in fear-potentiated startle, of the secondary auditory and/or dorsal perirhinal cortices, which are innervated by the dorsal division of the medial geniculate body (Guldin and Markowitsch, 1983; Arnault and Roger, 1990; LeDoux et al., 1991a) .
Involvement of secondary auditory and perirhinal cortices in fear conditioning
The hypothesis that secondary auditory and perirhinal cortices are involved in fear conditioning was supported, in part, by the posttraining lesions, which completely blocked fear-potentiated startle to Fe auditory, and also, to the visual CS. These findings are thus consistent with the deficits obtained in cats following combined posttraining primary, secondary auditory, and perirhinal cortices lesions in auditory signaled avoidance instrumental tasks (see Neff et al., 1975) . In addition, deficits in avoidance tasks have been obtained with lesions restricted to the perirhinal cortex (Colavita and Weisberg, 1979) , and are observed to complex patterned CSs in the auditory, visual, and somatosensory modalities (Colavita, 1972 (Colavita, , 1974 .
Importantly, pretraining secondary auditory and perirhinal cortices lesions did not reliably disrupt fear-potentiated startle to either CS. This is consistent with the lack of effect of pretraining temporal cortical lesions which included the perirhinal cortex, upon auditory fear conditioning (DiCara et al., 1970; Romanski and LeDoux, 1992a,b) . In the present studies, the differences observed between pre-and posttraining lesions did not arise from differences in lesion size, because the extent of the lesions in each study was similar. Also, the posttraining lesion deficits were observed only when excitotoxic lesions included most of the rostro-caudal extent of the perirhinal area. Although these results are consistent with those of Rosen et al. (1992) , they do not support the Rosen et al. conclusion that the anterior part of the perirhinal cortex is mainly involved in fear-potentiated startle. Anterior perirhinal area lesions disrupted fear-potentiated startle to auditory and visual CSs only after electrolytic, but not after equally extensive excitotoxic lesions. This difference might be explained by the probable electrolytically induced destruction of external capsule fibers coming from the thalamus on their way to. the posterior secondary auditory and dorsal perirhinal cortices, and/or the destruction of fibers coursing from these cortices to the lateral nucleus of the amygdala, which would be spared by excitotoxic lesions. Because of the proximity of the lateral nucleus of the amygdala, lesions of which block fear-potentiated startle (Campeau and Davis, 1993 , an important issue is whether lesions of the secondary and perirhinal cortices significantly encroached upon the lateral nucleus, which might account for the deficits observed. Although possible, this is unlikely because rats sustaining anterior perirhinal area damage, showing as large, if not larger, neuronal loss in the lateral nucleus of the amygdala, displayed reliable fear-potentiated startle. This suggests that the intended lesions to the secondary auditory and perirhinal cortices, but not the collateral damage to the lateral nucleus of the amygdala, in some rats, was responsible for the disruption of fearpotentiated startle to the auditory and visual CSs.
Interpretations, limitations, and proposed directions Overall, the present series of experiments indicates that the auditory thalamus, through either its direct or indirect amygdaloid projections, is necessary and specifically involved in the mediation of fear-potentiated startle to auditory conditioned stimuli, consistent with its involvement in auditory fear conditioning in general (LeDoux et al., 1984 (LeDoux et al., , 1986a Iwata et al., 1986) . The results also suggest that the ventral and dorsal divisions of the medial geniculate body might specifically be involved in audi- tory fear conditioning, but this conclusion needs to await proof that the deficits observed following posttraining lesions were not due to concomitant damage to neurons of the medially located posterior auditory thalamic nuclei (MGM, PIL, and SG). The lack of modality-specific disruption by the present posttraining secondary and perirhinal cortical lesions could be interpreted in at least two general ways. First, it is possible that the cortical areas lesioned might be involved in some general learning processes such as information storage or retrieval, thus explaining the lack of modality specificity of the lesions. In fact, deficits following posttraining cortical lesions have traditionally been interpreted as affecting either the perceptual capacity, associative substrate (engram), or memory retrieval processes (see Neff et al., 1975, and Meyer and Meyer, 1977 , for reviews). The present lack of modality-specific disruption obtained only with posttraining cortical lesions suggests the likelihood of any of these interpretations.
Nonspecific factors, independent of any learning processes, cannot, likewise, be ruled out entirely. The fact that rostra1 (presThe Journal of Neuroscience, March 1995 , 75(3) 2325 ent results), or caudal perirhinal area lesions alone (Rosen et al., 1992) do not disrupt fear-potentiated startle, whereas lesions of its entire rostro-caudal extent do, could be interpreted as a mass action effect, which produces increasing disruption with increasing amount of tissue lesioned, independent of the cortical area damaged (see Lashley, 1950) . In fact, the trend toward attenuation of both auditory and visual fear-potentiated startle by large posttraining primary auditory cortex aspirations in the present study may be suggestive of a nonspecific mass action effect. However, previous work in this laboratory has indicated that extensive posttraining aspirations of primary and secondary visual cortices, as well as other cortical areas (frontal, medial prefrontal, and insular cortices) which were as large, if not larger, than the extensive perirhinal area lesions reported here, did not disrupt fear-potentiated startle to a visual CS (Rosen et al., 1992; Falls and Davis, 1993) . These data suggest that a simple mass action effect may not account entirely for the deficits induced by the present perirhinal area lesions. Another nonspecific effect that could have reduced fear-potentiated startle might have resulted from deafferentation or cell death in the lateral nucleus of the amygdala produced by increasingly large cortical lesions of cells that directly innervate this nucleus. Retraining lesioned rats under conditions where the rate of reacquisition of fear-potentiated startle (Kim and Davis, 1993) can be compared, or reversal conditioning to assess retention based on retardation of conditioning to the opposite CS, might be useful tools to more exactly determine the deficit displayed by rats given secondary and perirhinal cortical lesions.
The second general possibility is that the conditioning deficit induced by the cortical areas lesioned in the present study represents their involvement in the transmission of stimulus information to the amygdala. Disruption of fear-potentiated startle to the auditory and visual CSs might reflect the fact that some of the cortical areas which were always included in the lesions (Te2 and the perirhinal cortex) receive auditory as well as visual information, which can then be transmitted to the amygdala (see introductory remarks). Discrete lesions of all the cortical areas damaged in the present study (Te2, Te3, and the perirhinal cortex) will be required to determine whether polymodal or unimodal deficits can be obtained. The possibility remains that posttraining lesions limited to Te3, which is reported to exclusively receive auditory inputs (Romanski and LeDoux, 1993b) , might specifically disrupt fear-potentiated startle to an auditory CS.
Regarding this later possibility, it is important to point out that the dorsal division of the medial geniculate body might be specifically involved in fear conditioning to auditory stimuli. This is based on the indirect evidence obtained in the present studies that combined lesions of the dorsal and ventral divisions of the medial geniculate body completely blocked fear-potentiated startle to the auditory CS whereas lesions of the auditory cortex, which receives input primarily from the ventral division of the medial geniculate body, did not. Anatomical data indicate that the dorsal division of the medial geniculate body projects to secondary auditory areas (Te2 and Te3), and perhaps to the perirhinal cortex, but only its dorsal aspect at and above the rhinal fissure (Guldin and Markowitsch, 1983; Arnault and Roger, 1990; LeDoux et al., 1991a) . However, in rats, even this dorsal perirhinal projection from the dorsal division of the medial geniculate body, as contrasted to the projection of the adjacent suprageniculate nucleus, has not been clearly established because each of the above studies have employed cortical tracer deposits, making it difficult to determine the extent of tracer spread in the perirhinal or secondary auditory cortex, respectively. Thus, anterograde tracing specifically from the dorsal division of the medial geniculate body would be required to resolve its exact cortical terminal field.
Physiologically, the rostral aspect of the dorsal division of the medial geniculate body displays characteristics that might be consistent with a role as a putative auditory transmission pathway. In the cat, which is the species in which the most extensive electrophysiological recordings have been carried out in the medial geniculate body, units of the dorsal division tend to display relatively broad tuning curves, respond to noises rather than to pure tones more readily, and have variable response latencies, which are on average longer than those observed in the ventral division (Calford and Webster, 1981; Calford, 1983; Calford and Aitkin, 1983; Morel et al., 1987; Aitkin, 1990) . Although these characteristics are not optimal for fast and accurate transmission of auditory information, particularly as compared with those of the ventral division of the medial geniculate body, they are suggestive of a significant amount of auditory convergence at the level of the dorsal division. Such auditory information convergence might be important for an organism to detect a broad range of acoustic danger signals, and thus elaborate appropriate behavioral responses. Also consistent with a role in fear conditioning are the observations of Edeline and Weinberger (1991a) that units of the dorsal division of the guinea pig medial geniculate body show durable receptive field plasticity after aversive conditioning, an effect that is observed only transiently in the ventral division (Edeline and Weinberger, 1991b) . Specific lesions of the dorsal division of the medial geniculate body, and additional electrophysiological recordings of this area, will be required to test directly its involvement in auditory fear conditioning.
Hence, the present data are consistent with multiple interpretations of the role of the secondary auditory and perirhinal cortices in fear conditioning. As stated above, additional anatomical, physiological, and behavioral studies will be required to determine the exact function(s) of the dorsal division of the medial geniculate body, secondary auditory and perirhinal cortices in fear conditioning. 
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